Introduction
DNA damage arises continuously from intracellular metabolism and replication errors and from exposure of cells to multiple exogenous genotoxic agents (Lindahl and Barnes, 2000) . DNA double-strand breaks (DSBs) represent particularly cytotoxic lesions that pose a major threat to genome stability if not properly sensed and repaired (Wyman and Kanaar, 2006; Jackson and Bartek, 2009 ). To meet this challenge, cells have evolved a global DNA damage signaling response, which mounts a coordinated response to the lesion, impacting on processes such as cell cycle progression and DNA repair to facilitate reestablishment of genomic integrity (Jackson and Bartek, 2009; Ciccia and Elledge, 2010) .
After DSB induction, multiple DNA damage signaling and repair factors become concentrated in DSB repair foci formed around the lesion (Misteli and Soutoglou, 2009; BekkerJensen and Mailand, 2010) . Protein recruitment to such structures occurs in a highly dynamic and hierarchical manner, controlled by posttranslational modifications of the DSB-flanking chromatin Polo and Jackson, 2011) . Phosphorylation of multiple DSB-signaling components by the ATM/ATR/DNA-PK kinases plays a central role in promoting this response. In addition, recent work demonstrated a key function of nonproteolytic ubiquitylation in orchestrating protein interactions with DSB sites (Morris and Solomon, 2004; Kim et al., 2007; Sobhian et al., 2007; Panier and Durocher, 2009; , triggered by the RNF8/RNF168 ubiquitin ligases, which catalyze nonproteolytic ubiquitylation of H2A-type histones and possibly other targets at DSB-modified chromatin to generate permissive conditions for recruitment of DNA repair factors such as 53BP1 and BRCA1. Through DSB-induced interaction with MDC1, RNF8 promotes initial Ubc13-dependent histone ubiquitylation N onproteolytic ubiquitylation of chromatin sur rounding deoxyribonucleic acid (DNA) double strand breaks (DSBs) by the RNF8/RNF168/ HERC2 ubiquitin ligases facilitates restoration of genome integrity by licensing chromatin to concentrate genome caretaker proteins near the lesions. In parallel, SUMOy lation of sofar elusive upstream DSB regulators is also required for execution of this ubiquitindependent chro matin response. We show that HERC2 and RNF168 are novel DNA damage-dependent SUMOylation tar gets in human cells. In response to DSBs, both HERC2 and RNF168 were specifically modified with SUMO1
at DSB sites in a manner dependent on the SUMO E3 ligase PIAS4. SUMOylation of HERC2 was required for its DSBinduced association with RNF8 and for stabiliz ing the RNF8-Ubc13 complex. We also demonstrate that the ZZ Zinc finger in HERC2 defined a novel SUMO specific binding module, which together with its concomi tant SUMOylation and T4827 phosphorylation promoted binding to RNF8. Our findings provide novel insight into the regulatory complexity of how ubiquitylation and SUMOylation cooperate to orchestrate protein inter actions with DSB repair foci.
DNA damage-inducible SUMOylation of HERC2 promotes RNF8 binding via a novel SUMO-binding Zinc finger and they were absent from cells that expressed a nonconjugatable FLAG-SUMO1 GG allele or were depleted for the SUMO E2 enzyme Ubc9 (Fig. S1 , C and D), demonstrating that HERC2 and RNF168 are direct targets of modification by SUMO1. On the other hand, we consistently failed to detect SUMOylation of endogenous RNF8 (Fig. 1 [A and C] and not depicted). These findings suggest that HERC2 and RNF168, but not RNF8, are novel SUMO-regulated E3 ubiquitin ligases and thus potentially important substrates in the SUMO-dependent pathway that orchestrates the DSB response Morris et al., 2009 ).
PIAS4-dependent SUMOylation of HERC2
and RNF168 at DSB sites Because HERC2 and RNF168 were preferentially modified with SUMO1, we reasoned that SUMOylation of these factors might underlie the requirement of PIAS4/SUMO1 for ubiquitindependent recruitment of DSB repair factors Morris et al., 2009) . To test this, we asked whether SUMOylation of HERC2 and RNF168 required PIAS4 function. Indeed, the IR-induced SUMOylation of HERC2 and RNF168 were strongly suppressed in cells depleted for PIAS4 but not PIAS1, which regulates more downstream aspects of the DSB response (Figs. 1 C and S1 E; Galanty et al., 2009; Morris et al., 2009) . Consistently, we found that HERC2 interacted with PIAS4 but not PIAS1 ( Fig. 1 D and not depicted) , suggesting that HERC2 is a direct target of PIAS4-mediated SUMOylation. We observed similar negative impact on HERC2 and RNF168 SUMOylation in RNF8-depleted cells (Fig. 1 E) , which are defective for HERC2 and RNF168 retention at DSBmodified chromatin (Doil et al., 2009; Stewart et al., 2009; , and RNF168 SUMOylation was also diminished upon HERC2 knockdown, which impairs RNF168 accumulation at DSB sites (Fig. S1 F ; . This suggests that their SUMOylation occurs predominantly at DSB sites, to which PIAS4 is recruited independently of the RNF8-RNF168 pathway . Moreover, HERC2 SUMOylation was largely abolished in cells treated with PI3K-like kinase inhibitors, including caffeine ( Fig. S1 G) , which interfere with productive DSB-dependent signaling (Lavin, 2008) . Collectively, these findings suggest that PIAS4 and HERC2/RNF168 are brought together at DSB sites to trigger SUMOylation of the latter proteins.
PIAS4 promotes DSB-induced association between RNF8 and HERC2
Having shown that HERC2 and RNF168 undergo DSBinducible modification by SUMO1, we set out to delineate the regulatory significance of these events. We focused on dissecting the functional role of HERC2 SUMOylation. PIAS4 primarily SUMOylated and interacted with the HECT (homologous to E6AP C terminus) domain-containing C terminus of HERC2 (Figs. 2 [A and B] and S2 A). Despite the presence of many lysine residues in this region, none of these match known SUMO consensus motifs (Matic et al., 2010) , and extensive mutagenesis of individual lysines in the HERC2 C terminus did not conclusively identify exact SUMOylation sites.
at DSB sites (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; . The giant ubiquitin ligase HERC2 functions as an auxiliary factor for RNF8 in this process, enabling RNF8 to preferentially interact with Ubc13 among its cognate E2 enzymes . The local RNF8-dependent increase in histone polyubiquitylation facilitates recruitment of RNF168 via ubiquitin-binding MIU (motif interacting with ubiquitin) domains, allowing it to amplify K63-linked histone polyubiquitylation to levels sufficient of sustaining the retention of DSB repair factors (Doil et al., 2009; Stewart et al., 2009) . Underscoring the physiological importance of this pathway, mutation of RNF168 underlies the RIDDLE syndrome, characterized by mental retardation, microcephaly, and other neurological defects (Stewart et al., 2007; Devgan et al., 2011) .
Recent work uncovered a role for SUMO in promoting DSB-associated histone ubiquitylation, and SUMO1/2/3 conjugates accumulate at DSB sites Morris et al., 2009 ). The SUMO E3 ligases PIAS1 and PIAS4 were shown to be required for DSB-associated SUMOylation and recruitment of BRCA1 and 53BP1 to damaged chromatin Morris et al., 2009) . Interestingly, these studies also suggested a more upstream role of SUMO in this response, as PIAS4-and SUMO1-dependent modification of as-yet elusive proteins were required for robust ubiquitylation of DSB-flanking chromatin and, consequently, for recruitment of DNA repair factors Morris et al., 2009 ). Specifically, PIAS4-depleted cells fail to recruit RNF168 but not RNF8 to sites of DNA damage, suggesting the involvement of PIAS4-mediated SUMOylation events in the RNF8-dependent process that promotes RNF168 accrual. Here, we provide evidence that both HERC2 and RNF168 are modified by DSB-inducible, PIAS4-dependent SUMOylation. SUMOylation of HERC2 is necessary for its stable interaction with RNF8, involving a novel SUMO-binding Zinc finger motif in HERC2. Our findings help to explain the requirement of PIAS4-mediated SUMOylation for efficient ubiquitylation of DSB-modified chromatin.
Results and discussion

SUMOylation of HERC2 and RNF168 in response to DSBs
To investigate whether the DSB-responsive ubiquitin ligases RNF8, RNF168, and HERC2 are regulated by SUMOylation, we generated stable cell lines inducibly expressing FLAGtagged SUMO1 or SUMO2 (Fig. S1 A) and monitored the presence of these E3 ligases in FLAG-SUMO immunoprecipitates (IPs). We noted that HERC2 and RNF168 could be modified with SUMO1 and, to a much lesser extent, SUMO2 (Fig. 1 A) . SUMO1 modification of both HERC2 and RNF168 were markedly enhanced upon exposure of cells to DSB-inducing agents such as ionizing radiation (IR) but not other types of genotoxins (Fig. 1 [A and B] and not depicted), suggesting a regulatory function of such SUMOylation in cellular DSB responses. The HERC2 and RNF168 species isolated by FLAG IP from these cells showed retarded migration in SDS-PAGE (Fig. S1 B) , argue for a regulatory role of HERC2 SUMOylation in promoting binding to RNF8, in turn facilitating RNF8-Ubc13 complex formation and RNF8-dependent protein recruitment to DSB repair foci.
HERC2 contains a novel SUMO-binding ZZ-type Zinc finger domain
We sought to address the molecular mechanism underpinning the requirement of HERC2 SUMOylation for its interaction with RNF8. We previously showed that RNF8-HERC2 association involves direct recognition of phosphorylated T4827 on HERC2 by the forkhead-associated domain of RNF8 , and, hence, we tested whether the loss of RNF8-HERC2 interaction in PIAS4-depleted cells was a consequence of impaired HERC2 T4827 phosphorylation. We found that T4827 phosphorylation was unaffected by PIAS4 knockdown (Fig. S2 B) , raising the possibility that RNF8 may harbor a domain that specifically recognizes SUMOmodified HERC2. To test this, we assessed the ability of agarose-immobilized SUMO to pull down RNF8 and HERC2. To our surprise, we found that HERC2 but not RNF8 is capable of binding to SUMO1 (Fig. 3 A) . The SUMO-binding activity of endogenous HERC2 was strongly enhanced in cells exposed to IR, suggesting that DSB-induced phosphorylation of HERC2 may help to unmask its SUMO-binding region. To test the potential relevance of this SUMO-binding activity in HERC2 for its interaction with RNF8, we mapped the region responsible HERC2 promotes ubiquitin-dependent events at sites of DNA damage by facilitating RNF8-Ubc13 complex formation . Because ubiquitin-mediated DSB signaling downstream of RNF8 is defective in PIAS4-depleted cells Morris et al., 2009) , we asked whether the RNF8-dependent accumulation of HERC2 at DSB-modified chromatin also requires functional PIAS4. As expected, siRNA-mediated depletion of PIAS4 suppressed IR-induced recruitment of RNF168 but not RNF8 to DSB sites (unpublished data). PIAS4 knockdown also prevented increased chromatin retention of HERC2 in response to IR (Fig. 2 C) , suggesting that depletion of PIAS4 uncouples the DSB-responsive ubiquitin ligase cascade at the level of HERC2 accrual. Because HERC2 is attracted to DSB sites through direct interaction with RNF8 (Bekker-Jensen et al., 2010), we reasoned that PIAS4-mediated SUMOylation of HERC2 might be required for its DSB-induced interaction with RNF8. Indeed, the association between RNF8 and HERC2 was virtually abolished in cells treated with PIAS4 siRNAs (Fig. 2 D) , and the DSB-induced RNF8-HERC2 interaction was reestablished by expression of wild-type (WT), but not catalytically inactive, PIAS4 in cells depleted of endogenous PIAS4 (Fig. 2 E) . To further corroborate these findings, we tested whether PIAS4 was required to promote HERC2-dependent RNF8-Ubc13 complex formation. Similar to our previous findings for HERC2 , knockdown of PIAS4, but not PIAS1, suppressed the binding between RNF8 and Ubc13 (Fig. 2 F) . These data Figure 1 . PIAS4-and RNF8-dependent SUMOylation of HERC2 and RNF168 in response to DSBs. (A) HeLa/ FLAG-SUMO cell lines left untreated or induced to express SUMO1 or SUMO2 by addition of doxycycline (DOX) for 24 h were subjected to IR or not and harvested 1 h later. Cells were lysed under denaturing conditions, and protein SUMOylation was analyzed by immunoblotting of FLAG IPs with the indicated antibodies. MM, molecular mass; WCE, whole-cell extract. (B) HeLa/FLAG-SUMO1 cells exposed to IR or UV were processed as in A. (C) HeLa/FLAG-SUMO1 cells transfected with control (CTRL), PIAS1, or PIAS4 siRNAs 24 h before addition of doxycycline were processed as in A. Knockdown efficiency of PIAS1 and PIAS4 siRNAs is shown in Fig. S1 E. (D) U2OS cells transfected or not with HA-tagged PIAS4 plasmid for 24 h were exposed to IR and harvested 1 h later. Cell extracts were subjected to HA IP followed by immunoblotting. (E) HeLa/FLAG-SUMO1 cells transfected with control or RNF8 siRNAs for 24 h were processed as in A.
not show detectable binding to ubiquitin under similar ITC conditions (Fig. S3 E) , further underscoring the specificity of this motif for SUMO binding.
Collectively, these data demonstrate that the ZZ Zinc finger motif in HERC2 is a novel bona fide SUMO-binding domain. The presence of this domain in some 20 other human proteins (Legge et al., 2004) suggests that it may also mediate SUMO-dependent protein interactions in other cellular processes. Several ubiquitin-binding Zinc finger motifs are known (Dikic et al., 2009) . Our discovery of a SUMO-binding Zinc finger warrants the possible existence of additional SUMOspecific binding modules in cellular proteins.
The HERC2 ZZ domain promotes SUMOdependent binding to RNF8
The presence of a SUMO-binding Zinc finger module in HERC2 prompted us to ask whether this motif might be functionally implicated in SUMOylation-dependent binding of HERC2 to RNF8. To this end, we used extended HERC2 fragments, which, unlike ectopic full-length HERC2, are well tolerated in cells (unpublished data) and in which mutations in both the ZZ motif and the T4827 phosphorylation site could be introduced (Fig. 4 A) . As expected, T4827A mutation of this construct completely abolished binding to RNF8 (Fig. 4 B) , confirming that even in the context of long HERC2 fragments, this phosphorylated residue provides the key RNF8-binding site. Notably, for SUMO binding. Using overlapping fragments spanning the entire HERC2 protein (Bekker-Jensen et al., 2010), we noted that the SUMO-binding activity localized specifically to amino acids 2600-3600 (HERC2-F4; Fig. 3 , B and C). Inspection of this region did not reveal the presence of any obvious canonical SUMO-interacting motif (Hecker et al., 2006) . Instead, HERC2-F4 harbors a Zinc finger motif of the ZZ type (Fig. 3 C) , the biological function of which is unknown (Legge et al., 2004) and which is only found in HERC2 among the six mammalian HERC family members (Garcia-Gonzalo and Rosa, 2005) . Strikingly, point mutations disrupting the Zinc-coordinating ability of the ZZ motif completely abrogated the SUMO-binding ability of HERC2 fragments containing this domain (Figs. 3 [C and D] and S3 A), suggesting that it confers the SUMObinding ability of HERC2. Whereas an HERC2 fragment containing a WT but not mutated ZZ domain bound to both SUMO1 and SUMO2, it did not detectably interact with ubiquitin (Figs. 3 D and S3 A) . To test whether the ZZ domain binds directly to SUMO, we performed isothermal titration calorimetry (ITC) experiments using purified and refolded recombinant HERC2 ZZ domain (Fig. S3, B and C) . Indeed, the WT but not mutated ZZ domain showed high-affinity 1:1 binding to SUMO1, with a K d of binding of 3 µM (Figs. 3 E and S3 D) . The ZZ domain also bound SUMO2, albeit with a 20-fold lower affinity (K d = 60 µM; Fig. 3 E) . Importantly, consistent with pull-down experiments (Fig. 3 D) , the HERC2 ZZ domain did change mediated by intramolecular recognition of SUMO1-modified thymine DNA glycosylase by a SUMO-interacting motif modulates its enzymatic properties (Mohan et al., 2007; Smet-Nocca et al., 2011) . In support of this hypothesis, WT but not mutated HERC2 ZZ domain could bind to endogenous HERC2 (Fig. 4 C) , and this interaction was diminished in Ubc9-depleted cells, in which HERC2 SUMOylation is reduced (Figs. 4 C and S1 D) , indicating that the ZZ domain bound specifically to SUMOylated HERC2. Although these observations are consistent with a SUMO-dependent intramolecular interaction within HERC2, we cannot rule out the existence of alternative mechanisms that could promote SUMO-dependent association between RNF8 and HERC2, but addressing this experimentally is severely hampered by the vast size of the 530-kD HERC2 protein.
Regardless of its precise mechanistic function, the HERC2 ZZ domain is likely to promote important SUMO-mediated protein interactions within DSB repair foci. mutation of the SUMO-binding ZZ motif also severely compromised RNF8 binding but not other aspects of HERC2 function despite the fact that T4827 phosphorylation was not affected (Figs. 4 B and S3 [F-H]) , suggesting that the SUMObinding ability of HERC2 is necessary for efficient interaction with RNF8. The simultaneous requirement of HERC2 phosphorylation, SUMOylation, and SUMO-binding activity for its productive association with RNF8 could be explained by a conformational change in HERC2 induced by intramolecular interaction between the ZZ domain and the SUMO1-modified residues, which might facilitate more robust interaction with RNF8 in response to DSBs. The notion that HERC2 is selectively modified by SUMO1, to which the ZZ domain displays a clear binding preference (Fig. 3 E) , is in good agreement with this idea. A similar mode of SUMO1-dependent regulation was described for the DNA mismatch repair enzyme thymine DNA glycosylase, in which an extensive conformational for at least one additional PIAS4-mediated SUMOylation event in this response. We speculated that SUMOylation of RNF168 could underlie this requirement. Indeed, unlike RNF8 or RNF8-Ubc13, overexpression of RNF168 efficiently restored 53BP1 foci formation in PIAS4-depleted cells (Fig. 4, D and E) , suggesting that a key end point of PIAS4-dependent SUMOylation in the ubiquitin-dependent DSB response is to support generation of functional RNF168 at DSB sites, whereas 53BP1 SUMOylation by PIAS4 is dispensable for its accumulation in DSB repair foci. Because elevated levels of RNF168 effectively compensated for its lack of SUMOylation by PIAS4, we speculated that RNF168 SUMOylation could be involved in maintaining proper RNF168 expression levels in cells. Indeed, we observed a striking loss of RNF168 protein in cells depleted for PIAS4, but not a range of other SUMO E3 ligases, which do not strongly impair RNF168 SUMOylation (Figs. 4 G and S2 C) . We previously reported similar effects in cells depleted for HERC2 (BekkerJensen et al., 2010) , which is also needed for efficient RNF168 SUMOylation. PIAS4 depletion shortened the half-life of RNF168 protein and also significantly reduced RNF168 mRNA SUMOylation of both HERC2 and RNF168 promotes ubiquitin-mediated protein assembly at DSB sites Finally, we asked whether the SUMOylation-dependent binding of HERC2 to RNF8 was sufficient to explain the requirement of PIAS4-mediated SUMOylation for execution of the ubiquitin-dependent DSB signaling response Morris et al., 2009) . Because a key function of HERC2 SUMOylation appears to be to promote HERC2-RNF8 interaction and hence RNF8-Ubc13 complex formation (Fig. 2) , we reasoned that a chimeric RNF8-Ubc13 protein, which mimics constitutive association between these proteins and overrides the requirement for HERC2 in the DSB response , might also complement loss of PIAS4 function. However, overexpression of RNF8-Ubc13 or RNF8 alone failed to rescue accumulation of ubiquitin conjugates and 53BP1 in IR-induced foci in PIAS4-depleted cells (Fig. 4, D-F) . This suggests that PIAS4-mediated RNF8-HERC2 complex formation is not sufficient to trigger ubiquitin-dependent assembly of repair factors at DSB-flanking chromatin, indicating a requirement (Invitrogen) and pcDNA4/TO-Strep-HA-PIAS4 si R constructs, and positive clones were selected by incubation in medium containing 400 µg/ml Zeocin and 5 µg/ml Blasticidin S (both from Invitrogen) for 14 d. The HEK293T/ Strep-HA-Ubc13 cell line was generated by positive selection of HEK293T cells cotransfected with pcDNA6/TR and pcDNA4/TO-Strep-HA-Ubc13, as previously described . To induce DNA damage, cells were exposed to doses of 10 Gy IR and 25 J/m 2 UV, unless stated otherwise.
Immunochemical methods
Immunoblotting, immunoprecipitation, Strep-Tactin pulldowns, and chromatin fractionation were performed as previously described (Mailand et al., 2006 (Mailand et al., , 2007 Doil et al., 2009; . In brief, cells were lysed in EBC buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.5% NP-40) supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich) and incubated on ice for 10 min, and lysates were cleared by centrifugation for 10 min at 20,000 rpm. Lysates were incubated with antibodies coupled to protein A/G Sepharose, FLAG agarose (Sigma-Aldrich), or Strep-Tactin Sepharose (IBA BioTAGnology) for 1.5 h on an end-over-end rotator at 4°C, washed five times with EBC buffer, and resuspended in 2× Laemmli sample buffer. To obtain chromatin-enriched fractions, cells were lysed in low-salt buffer (10 mM Hepes, pH 7.5, 10 mM KCl, and 0.05% NP-40). After centrifugation at 3,600 g, chromatin-associated proteins were released from the pellet by treatment with micrococcal nuclease. To detect SUMOylation of cellular proteins, cells were lysed in denaturing buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 0.5% NP-40, 0.5% sodium deoxycholate, 0.5% SDS, and 1 mM EDTA) containing protease and phosphatase inhibitor cocktails (Sigma-Aldrich) and subjected to immunoprecipitation with FLAG agarose (Sigma-Aldrich) or GFP-TRAP (ChromoTek). Antibodies used in this study included the following: rabbit polyclonals to HERC2 , RNF8 (Mailand et al., 2007) , HA and 53BP1 (Santa Cruz Biotechnology, Inc.), PIAS4, H2AX, -H2AX and phospho-(Ser/Thr) ATM/ ATR substrate (Cell Signaling Technology), mouse monoclonals to conjugated ubiquitin (FK2; Millipore), FLAG (Sigma-Aldrich), Strep (IBA BioTAGnology), GFP (Roche), and goat polyclonals to Ubc9 (Abcam) and MCM6 (Santa Cruz Biotechnology, Inc.). Rabbit polyclonal antibody to RNF168 (Stewart et al., 2009 ) was a gift from D. Durocher (Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, Ontario, Canada).
Immunofluorescence staining and microscopy Cells were fixed in 3% formaldehyde, permeabilized with PBS containing 0.2% Triton X-100 for 5 min, and incubated with primary antibodies diluted in DME for 1 h at room temperature. After staining with secondary antibodies (Alexa Fluor 488 and 568; Life Technologies) for 30 min, coverslips were mounted in VECTASHIELD mounting medium (Vector Laboratories) containing nuclear stain DAPI. Images were acquired with a confocal microscope (LSM 710; Carl Zeiss) mounted on an Axiovert 100M (Carl Zeiss) equipped with a Plan-Apochromat 40×/1.3 oil immersion objective using the following standard settings: DAPI and Alexa Fluor 488/GFP and 568 dyes were excited with 405-, 488-, and 546-nm laser lines, and emitted light was collected through 420-480-, 505-530, and 560-615-nm band-pass filters, respectively. Pinhole size was set to 1 Airy Unit or opened slightly for all wavelengths acquired if signal intensity was otherwise too low. Image acquisition and analysis were performed with Zen 2010 software. Raw images were exported as TIF files, and, if adjustments in image contrast and brightness were applied, identical settings were used on all images of a given experiment.
Purification and refolding of recombinant HERC2 ZZ domain For bacterial expression of HERC2 ZZ domain, Escherichia coli BL21 (DE3) transformed with pNIC28-Bsa4-HERC2 ZZ were grown in Terrific Broth supplemented with 8 mg/ml glycerol and 50 µg/ml kanamycin, induced with 0.5 mM IPTG, and cultured at 18°C for 20 h. Cell pellets were disrupted in lysis buffer (300 mM NaCl, 50 mM NaP, pH 7.5, 10 mM imidazole, 10% glycerol, and 0.5 mM Tris(2-carboxyethyl)phosphine) supplemented with Complete Mini EDTA-free protease inhibitor (Roche), 1 mg/ml lysozyme, 0.1% n-dodecyl -d-maltoside, and 50 U/ml Benzonase and lysed by passage through a homogenizer. After centrifugation, the protein was filtered through a 0.22-µm polyethersulfone bottle top filter and purified on the ÄKTAxpress system (GE Healthcare) at 4°C with the HiTrap Chelating columns (Gileadi et al., 2008) . Subsequently, the ZZ domain was purified on 75-pg gel filtration columns (HiLoad 16/60 Superdex; GE Healthcare) equilibrated with buffer (150 mM NaCl and 50 mM NaP, pH 7.5). Eluted proteins were analyzed and verified by SDS-PAGE levels (Fig. S2, D and E) . Thus, PIAS4 may directly support expression of RNF168 by SUMOylating it and indirectly via regulating RNF168 transcription.
In sum, our findings provide novel insight into the mechanistic aspects of how ubiquitin-and SUMO-dependent signaling mechanisms cooperate to promote retention of genome caretakers at DSB-flanking chromatin and reveal considerable complexity in the mechanisms governing DSB-inducible RNF8-HERC2 interaction, involving both phosphorylation and SUMOylation, and the SUMO-binding capability of HERC2.
Materials and methods
Plasmids and RNAi
To construct FLAG-SUMO1/2 plasmids, SUMO cDNAs including an N-terminal His tag were amplified by PCR and cloned into the BamHINotI sites of pcDNA5/FRT/TO-3xFLAG (Invitrogen). The GFP-SUMO1 plasmid was a gift from H. Yu (University of Texas Southwestern Medical Center, Dallas, TX). PIAS4 expression vector was generated by inserting PCR-amplified, full-length human PIAS4 cDNA into pcDNA4/TO (Invitrogen) containing an N-terminal Strep-HA tag. To generate siRNA-insensitive Strep-HA-PIAS4 (si R ) constructs, the italicized silent mutations (GGAGTA-AGAGCGGCCTGAA) were introduced into the PIAS4-1 siRNA target sequence in the PIAS4 coding region. Plasmids encoding HA-RNF8, HA-RNF168, HA-RNF8C-Ubc13, and overlapping FLAG-tagged HERC2 fragments were previously described (Mailand et al., 2007; Doil et al., 2009; . In brief, RNF8 and RNF168 were inserted into pcDNA3 (Invitrogen) containing an N-terminal HA tag, and an RNF8 fragment spanning amino acids 1-402 was inserted between the HA tag and Ubc13 in pEF-HA-Ubc13. Individual HERC2 fragments were cloned into pFLAG-CMV2 (Sigma-Aldrich). Plasmids encoding GFPtagged HERC2-C3000 fragments (comprising amino acids 1600-4834 in human HERC2) were constructed in two successive cloning steps: first, a fragment corresponding to amino acids 3593-4834 of human HERC2 generated by overlapping PCR of the HERC2-F5 and -F6 constructs was inserted into the XhoI-PmeI sites of pEGFP-C1 (Takara Bio Inc.) to generate pEGFP-C1-HERC2(F5+F6). Subsequently, a fragment comprising amino acids 1600-3607 was amplified by overlapping PCR of the HERC2-F2, -F3, and -F4 fragments and subcloned into XhoI-NotI-digested pEGFP-C1-HERC2(F5+F6). For expression of the HERC2 ZZ domain, we inserted fragments comprising amino acids 2600-2900 or 2690-2770 (denoted ZZ) in HERC2 into pcDNA4/TO (Invitrogen) containing an N-terminal Strep-HA tag. For bacterial expression of HERC2 ZZ domain, the sequence encoding the core HERC2 ZZ domain (comprising amino acids 2702-2755) was amplified by PCR and inserted into pNIC28-Bsa4 by ligation-independent cloning. The ZZ (C2708S/C2711S) and TA (T4827A) point mutations in HERC2 constructs as well as the C342A mutation to generate catalytically inactive PIAS4 were introduced using the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies). All constructs were verified by sequencing. Plasmid transfections were performed using FuGene 6 (Roche) according to the manufacturer's instructions. siRNA transfections were performed with Lipofectamine RNAiMAX (Invitrogen), as previously described (Mailand et al., 2007) . siRNA target sequences used in this study were as follows: control (5-GGGAUACCUAGACGUUCUA-3), RNF8 (5-UGCGGAGUAUGAAUAUGAA-3), HERC2 (5-GGAUGAUCAUGAA-GAGUUA-3), and Ubc9-1 (5-UCGAACCACCAUUAUUUCACCCGAA-3). siRNAs to SUMO E3 ligases were described in Galanty et al. (2009) and included the following: PIAS1 (5-CGAAUGAACUUGGCAGAAA-3), PIAS2 (5-CUUGAAUAUUACAUCUUUA-3), PIAS3 (5-CCCUGAUG-UCACCAUGAAA-3), PIAS4-1 (5-GGAGUAAGAGUGGACUGAA-3), PIAS4-2 (5-AGGCACUGGUCAAGGAGAA-3), and MMS21 (5-CUCU-GGUAUGGACACACAGCU-3).
Cell culture Human U2OS osteosarcoma cells and HEK293T embryonic kidney cells were cultured in DME containing 10% FBS. To generate stable HeLa/ FLAG-SUMO1/2 cell lines, HeLa/FRT/TRex cells (Invitrogen) were cotransfected with pcDNA5/FRT/TO-3xFLAG-SUMO1/2 and pOG44 and selected with hygromycin B according to the manufacturer's protocol. To generate stable cell lines inducibly expressing Strep-HA-PIAS4 si R WT or catalytically inactive, U2OS cells were cotransfected with pcDNA6/TR SUMO-and ubiquitin-binding assays Cells lysed in EBC buffer supplemented with protease and phosphatase inhibitor cocktails were incubated with SUMO1/2 or ubiquitin immobilized on agarose beads (Enzo Life Sciences) for 1 h and washed extensively in EBC buffer, and bound complexes were resolved by SDS-PAGE and subjected to immunoblotting. For ITC assays, recombinant SUMO1/2 or ubiquitin (Boston Biochem) and the HERC2 ZZ domain were dialyzed extensively against 20 mM MES, pH 6.0. Protein concentrations were determined by UV spectroscopy and molar extinction coefficients at 280 nm of 4,470, 2,980, and 1,490 M 1 cm 1 for SUMO1, SUMO2, and the ZZ domain, respectively. The extinction coefficients were calculated as previously described (Gill and von Hippel, 1989) . ITC experiments were performed at 10 or 25°C using an iTC200 instrument (MicroCal) by titrating 5-µl volumes of SUMO1/2 or ubiquitin into the ITC sample cell containing the ZZ domain until saturation was achieved. The heat of the reaction was obtained by integrating the peak after each injection of SUMO1/2 or ubiquitin and fitted to a model describing a single binding site (Wiseman et al., 1989) , using software provided by the iTC200 manufacturer.
Online supplemental material Fig. S1 demonstrates that HERC2 and RNF168 are covalently modified by SUMO1 under various experimental settings. Fig. S2 shows SUMOylation and phosphorylation of HERC2 fragments and impact of PIAS4 on RNF168 expression and stability. Fig. S3 shows biophysical characterization of the HERC2 ZZ domain, its SUMO-and ubiquitin-binding properties, and general impact of mutations in the ZZ domain on HERC2 functions. Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.201106152/DC1.
